The solar sailing spacecraft is one of the promising propulsion systems for the future deep space exploration mission. Japan Aerospace Exploration Agency (JAXA) has been studying the spin solar sail spacecraft which has a squared-shape type solar sail. One of the most significant objective to control the satellite orbit of the spacecraft is to estimate the thrust force induced by the photon, namely to establish the acceleration model before the launch. In a view point to use this model in orbit, the calibration of the acceleration model and evaluation of the dynamics on orbit are also important issue. This paper presents the way to construct the acceleration model of the Solar Radiation Pressure (SRP) on ground, and the calibration and evaluation strategy for this model by using the on-orbit data.
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Introduction
The propulsion system adopted the solar radiation pressure force named the solar sailing system. In this system, the propellant is not needed to obtain the thrust force. This feature has motivated people to research this propulsion system and it has been thought to widely spread the space exploration. Although a lot of research about the solar sail spacecraft had been studied all over the world, it has never been launched in the history of space development. The space agencies including NASA tried to launch the solar sail spacecraft, and all of those approaches were failed.
Japan Aerospace Exploration
Agency (JAXA) plan to launch the demonstration solar sail satellite, which named Interplanetary Kite-craft Accelerated by Radiation Of the Sun (IKAROS) as shown in Fig.1 . This spacecraft aims at the technical demonstration to generate the acceleration induced by the solar radiation pressure. This paper presents the method to model and the estimate this photon acceleration.
Configuration of IKAROS
The solar sail demonstration satellite IKAROS investigated in JAXA has the cylindrical body and the square sail membrane as shown in Fig.2 . The specification of this spacecraft is described in Table 1 . This satellite will be launched in 2010 as the piggy bag satellite of the PLANET-C which is also developed in JAXA and the Venus observation spacecraft.
The sail membrane of IKAROS consist of the 7.5mm Polyimide evaporated 80 [nm] aluminum. A polyimide has the high thermal, mechanical and chemical resistance properties and the mass is very light. It is not an exaggeration to say that this material enables to make real the solar sail. In the IKAROS case, by receiving the sunlight to the aluminum side, the thrust force can be generated by its high reflectivity. There are various devices on the sail membrane. The main devices are the Flexible Solar Array (FSA), the Reflectivity Control Device (RCD), and the PolyVinylidene DiFluoride (PVDF) dust collector. The FSA is a thin power collector by sunlight. If the large power collection system by this FSA can be constructed, it is possible to load the high power ion engine on the spacecraft. This propulsion system like a hybrid of the ion engine and the large size solar sail loading on a number of FSA makes the capability of deep space mission wider. The RCD is used to control the attitude of spacecraft. This device 
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is amount on the edge of the sail membrane (as shown in Fig.2 ), and it can generate the torque by change the induced force on each element's surface. This device is mainly made by the liquid crystal, and it can translate the ratio of reflectivity between the specularity and the diffusion by applying a voltage. The PVDF dust counter can sense the impact by the debris or a small asteroid. This device provides the information about the density of those objects in its orbit. That information utilizes in the science field. 
Photon acceleration model
In general, the acceleration model by the solar radiation pressure can be expressed as Eq.(1).
∫∫
where, m denotes the mass of the spacecraft, c denotes the light speed, A denotes the area of element. From this equation, we can see the necessary parameters, and need to consider about each parameter can be from what factor.
Optical properties
The specular reflectivity ρ s , absorptivity σ 1 , and diffuse reflectivity σ 2 are named as the optical parameters on the whole. In the sail membrane of IKAROS, there are several devices including the FSA's and the RCD's in addition to the polyimide membrane evaporated thin aluminum. The Each device has a different optical feature. To be precise, although the all elements on the membrane must be taken into account, we consider the optical properties only of the sail membrane, the FSA, and the RCD in terms of the dominance of the area. The portion of the area on the membrane and the nominal optical parameters are shown in Table 2 . The optical parameters are dealt as the constant parameter for the general materials in modeling the solar radiation pressure. The membrane's optical feature is almost same as the aluminum, because its surface faced to the Sun is evaporated by the aluminum. Therefore, its optical parameters can be dealt as the constant. For the object which has a laminate structure such as the FSA, however, we should better take into account the effect of the refraction. It is because especially the specular reflectivity has an angular dependency, which means the thrust power is changed by the change of the angle of incidence (macroscopically equal to the attitude). This angular dependency in the laminate structure can be explained in the thin-film optics field 1) . Figure 3 shows the angular dependency of the laminate structure of FSA as shown in Fig.4 calculated by the equation of the thin-film optics theory. This calculation is based on the complex index of refraction, and this value should be confirmed by the experiment. In the simulation of this acceleration model, this angle dependency of the FSA is taken into account. Although there is also the wave-length dependency for the reflection and should be taken into account, it is not considered in this study.
Thermal radiation
The effect of the thermal radiation is taken into account in Eq.(1) as the emissive parameter κ. In the general spacecraft, this emissive parameter can be expressed as Eq. (2) under the approximation that the emission follows Lambertian reflectance. ) /( ) (
where, ε f and ε b denotes the emissivity of the front side and the backside against the sunlight, T f and T b denotes the temperature of front and backside against the sunlight. In case of the thin-film such as solar sail, however, the temperature of front side and back side in the equivalent state can be approximated to be equal. Thus, Eq.(2) can be reduced to Eq.
Although there seems no effect of the surface temperature in this equation, the emissivity of a certain material has the temperature dependency. It means eventually the emissive parameter follows to Eq.(4).
This temperature dependency is calculated by the appropriate way and should be evaluated by the proper experiment. In this study, however, this dependency is referred to the experiment data in Ref.
2) as the primitive consideration. Figure (4) shows the temperature dependency of the emissivity of the polyimide film evaporated thin aluminum (Kapton-H/Al) and the emissive parameter calculated by using this temperature dependent emissivity for the backside of the sunlight and the constant emissivity for the front side. 4) is small especially in the range from 300[K] to 500[K], because the front side emissivity is relatively small compared to the backside.
Distance from the Sun
The solar parameter P 0 is varied with proportional to the inverse of the squared distance of the spacecraft from the Sun. IKAROS will be inserted into the transfer orbit from Earth to Venus as same as PLANET-C, because it will be launched as the piggyback as mentioned in section 1. The orbit of IKAROS in the inertial coordinate system is shown in Fig.6 . Fig.6 IKAROS orbit in inertial coordinate system From this orbit, the distance of the spacecraft from the Sun can be known and the solar parameter is calculated. Accompanying the input power by the sunlight increases with the distance, the temperature of the sail membrane also increases. The temperature can be obtained from Eq.(5) with the absorptivity of the front side and the emissivity of front and back side. Figure 7 shows the temperature of the sail membrane and the distance of the spacecraft from the Sun. By using this temperature variation, we can obtain the emissive parameter at each temperature from Fig.5. 
Configuration of sail membrane
The shape of the membrane is not a just flat plate. It is bent by the radiation pressure. Although the exact configuration must be simulated by the Finite Element Method (FEM), it takes time to construct the software and also calculate. In this study, only simple shape model for the deformation of the out of plane is used by calculating from the elastic dynamics equation. The displacement of the sail membrane can be calculated from Eq.(6) under the assumption that there is no tip mass on the edge of the membrane 3) .
with the parameter k defined by the solar constant, and the parameter η consist of area density of the membrane and the spin rate, and Poisson ratio as described in Eq.(8).
where, ν denotes the Poisson ratio (= 0.3), µ denotes the area density (= 0.075 [kg/m 2 ]), and Ω denotes the spin rate around z-axis in body fixed frame (= 1 [rpm) ). Fig.8 shows the variation of displacement at several distances from the Sun (0.713 [AU] ~ 1 [AU]). Finally the acceleration can be calculated by this normal vector of each element of the sail membrane.
Result
In this section, the result of the simulation is presented. The orbit motion is basically changed by the force of the transverse direction. Fig.9 shows the acceleration of the transverse direction of the single plane and the multiple planes. The single plane is assumed that the material of the whole membrane is polyimide film, while the multiple planes include the FSA and the RCD. The acceleration of multiple planes is smaller than that of the single plane. This is because the optical parameter especially the specular reflectivity of the FSA and the RCD is smaller than the membrane. This feature indicates it is difficult to estimate acceleration properly for whole attitude range by the simple single plane model.
On-orbit calibration of model
The acceleration model should be calibrated by the on-orbit data. The acceleration data in orbit mainly can be obtained from the Orbit Determination (OD) process 4) . In order to obtain the acceleration data for the whole attitude, the orbit determination should be performed during several months. In the IKAROS case, however, it is impossible to continue to implement the orbit determination during so long time, because there is a limitation due to the operation. Therefore, in this stage, we consider to perform the three days orbit determination several phases at which the attitude of spacecraft is changed from the other phases as shown in Fig.10 . In this orbit determination process, the acceleration model is assumed as the single plane, because the difference between the single plane and the multiple planes model is thought not so large. Thus, finally the acceleration model for the whole attitude should be given by the connection of the acceleration estimated on the three days orbit determination as shown in Fig. 11 . Fig.11 Image of estimation of actual acceleration
Conclusion
In this study, we discuss about the acceleration model constructed by based on the on-ground experiment and the analysis, and also the calibration method on-orbit. This research now initialized and it needs more study. The launch of the IKAROS spacecraft is scheduled in 2010, and we must construct this acceleration model by that date under the responsibility for the mission criteria. In remaining one year, the following study should be implemented. -Experiments to obtain the reflectivity of each component on sail membrane -Precise thermal analysis -Analysis for more precise membrane configuration model -Construct the calibration method by on-orbit attitude data It is significant to analyze and construct the acceleration model based on-ground experiments and the analysis, interms of the design of the spacecraft. If the acceleration model can be calibrated by the on-orbit data, it will be large contribution to the space development as the first actual acceleration model of the solar sail.
